originates from the lower activity of W-V-O for NH 3 oxidation than that of V 2 O 5 . In situ infrared (IR) study shows that toluene is oxidized by the surface oxygen species of W83V17 to yield benzaldehyde which undergoes the reaction with adsorbed NH 3 to give benzonitrile.
Introduction
Ammoxidation of methyl-substituted aromatics such as toluene, xylene and methylpyridine to their corresponding nitriles is an industrially important reaction, and numerous reports have been dealt with this reaction [1] [2] [3] [4] . The vapor phase ammoxidation of toluene to benzonitrile has been extensively studied as a model reaction [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Various metal oxide-based catalysts, including vanadium (V)-based catalysts (V 2 O 5 [5] , VO x /TiO 2 [6, 7] , VO x /ZrO 2 [8] , V 2 O 5 /Nb 2 O 5 -TiO 2 [9] , (VO) 2 P 2 O 7 [10] [11] [12] [13] ) and other catalysts (MoO x /Nb 2 O 5 [13] , MoO x /ZrO 2 [15] , Fe-based mixed oxides [16] ) have been reported to show moderate to good yields (44-77%) of benzonitrile (based on toluene) at around 400 ˚C [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . The catalytic efficiency in the ammoxidation of toluene has been discussed in terms of the selectivity or yield of benzonitrile based on toluene. In addition to the non-selective oxidation of toluene to COx, another undesired side-reaction in the ammoxidation is non-selective oxidation of ammonia (NH 3 ) to N 2 . In order to establish a sustainable ammoxidation process, NH 3 consumption during the reaction should also be minimized. However, quite a few reports have discussed the benzonitrile selectivity based on the NH 3 consumed, or in other words, the efficiency of NH 3 utilization in ammoxidation of benzonitrile. Mechanistic studies on vanadium oxides-catalyzed ammoxidation of toluene [6, 7, [11] [12] [13] suggested bifunctional catalysis as a catalyst design concept. It is proposed that the VO x sites catalyze partial oxidation of toluene to benzaldehyde-like intermediate and acid sites act as adsorption site of NH 3 [3, [11] [12] [13] . If one designed a V-based mixed oxide catalyst having NH 3 adsorption sites (such as acidic WOx sites) in close proximity to the redox sites (VOx), the aldehyde intermediate formed on the redox site would have react preferentially with NH 3 on the acid site, resulting in high efficiency of NH 3 utilization in the ammoxidation reaction.
Our research group has focused on the hydrothermal synthesis of single crystalline Mo-V-O based catalysts [17] [18] [19] . Particularly, single phasic orthorhombic Mo 3 VO x , having a microporous and layered structure, is of importance because its structure is basically the same as that of so called "M1 phase" which is well known as active phase in the industrial selective oxidation catalysts [18] . We have found that the Mo-V-O catalysts, as a structurally well defined catalytic phase for "M1 phase", catalyzed the selective oxidative dehydrogenation of ethane at low temperature (300 ˚C) [18] . The single phase Mo-V-P catalyst with similar structure also catalyzed the ammoxidation of propane [19] . Recently, we have extended the hydrothermal synthetic methodology to metal oxides consisted of various group 5 and 6 elements [20] [21] [22] [23] , and prepared a series of binary metal oxides (such as W-Ta-O [20, 23] , W-Nb-O [21] and W-V-O complex oxides [22] ) with similar microporous and layered structure as the orthorhombic Mo 3 VO x [18] . Considering the fact that WOx is an well known acidic co-catalyst of V-based catalysts [24] [25] [26] [27] , we have hypothesized that the W-V-O oxides act as effective catalysts for the ammoxidation. In this regard, we have recently reported the W-V-O-catalyzed highly selective ammoxidation of 3-picoline to 3-cyanopyridine [22] . We report herein a highly selective gas-phase ammoxidation of toluene by the hydrothermally prepared W-V-O layered oxides. The catalysts show high efficiency of NH 3 utilization in ammoxidation as well as high selectivity of benzonitrile based on toluene. In situ IR study shows that the reaction of benzaldehyde with NH 3 is a main pathway to benzonitrile on this catalytic system. Model reaction studies are also conducted to discuss the reason why the W-V-O catalyst shows high efficiency of NH 3 utilization.
Experimental

Catalyst preparation
Inorganic materials were purchased from Wako Pure Chemical Industries. According to our previous report [22] , the complex metal oxide of W and V (W-V-O) with W/V molar ratio of 83/17, named W83V17, was prepared by a hydrothermal synthesis method as follows. An aqueous solution (40 mL) of (NH 4 ) 6 and oxalic acid (0.10 mmol) was introduced into a stainless steel autoclave with a Teflon inner tube (50 mL), followed by filling the inner space of the tube by Teflon thin sheet (50 mm×1000 mm). Then, N 2 (20 mL min -1 ) was fed into the solution for 10 min to remove residual oxygen.
The autoclave attached to a rotating machine was installed in an oven, and the mixture underwent hydrothermal reaction at 175 ˚C for 24 h under mechanical rotation (1 rpm). The solid formed was filtered, washed with ion-exchanged water (1 L), dried at 80 ˚C overnight and then heated at 400 ˚C for 2 h under N 2 flow. W64V36 with W/V molar ratio of 64/36 was prepared according to the method in our previous study [22. ] Bulk composition of the catalysts ( Pure Chemical Industries) in aqueous oxalic acid solution (50 mL) of NH 4 VO 3 (4.9 mmol) was evaporated at 50 ˚C, followed by drying at 100 ˚C, and by heating at 450 ˚C for 6 h under air.
Catalyst characterization
The BET surface areas of the catalysts were determined by N 2 adsorption at -196 ˚C using 
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Catalytic reactions
Vapor phase ammoxidation of toluene was carried out at atmospheric pressure using a fixed-bed flow reactor (Pyrex glass tube) with an inner diameter of 9 mm. Catalyst powders were pressed to pellets, crushed, and sieved. To maintain a constant reaction temperature, the catalyst pellets ). CH 4 was fed into outlet gas as external standard for GC-TCD analysis.
As a model reaction ( ).
The gas phase products (CO, CO 2 and N 2 ) in the outlet gas were analyzed by GC-TCD (GL Sciences GC-3200, 6 m SHINCARBON-ST packed column). Organic products, trapped in ethanol at 0 ˚C, followed by adding n-octane as an external standard, were analyzed with GC-FID (Shimadzu GC-14B with TC-5 capillary column). The carbon balance values for all the catalytic results were in a range of 95.9-101.6%.
For the ammoxidation of toluene in the present system, the nitrogen containing products were N 2 and benzonitrile (PhCN) with very small amount of benzamide (amide). GC-TCD analysis showed no formation of N 2 O. Thus, the efficiency of NH 3 utilization in ammoxidation (η NH3 ) is defined as
where y PhCN , y amide and y N2 are the molar amounts of nitrogen containing products, and n PhCN , n amide and n N2 are the number of nitrogen atoms in each product.
Result and discussion
Catalyst characterization
In our recent report [22] , planes of the layered structure along c-axis direction. The XRD pattern of Na-W83V17 also has the same diffraction peaks at 23° and 46°. Although the intensities of Na-W83V17 are lower than those of W83V17, the XRD results indicate that the Na + -exchanged W83V17
(Na-W83V17) has basically the same crystal structure as W83V17. The SEM image of W83V17 ( Fig. 2) showed the rod-shaped crystal probably due to stacking of the layers along the c-axis. Before calcination of the hydrothermally prepared binary metal oxides NH 4 + is located in the 6 and 7-membered ring pores, and thermal desorption of NH 3 from the precursor results in the formation of Brønsted acid sites in the pores [18] . The proton is exchangeable to various cations in aqueous solution [18] . The increase in the conversion resulted in slight decrease in the selectivity to benzonitrile (S PhCN ) and slight increase in the COx selectivity (S COx ). The selectivities to benzamide (S amide )
Catalytic performance
were below 0.9%. Hence, NH 3 can be consumed by two of the competitive reactions: (1) ammoxidation with toluene to produce benzonitrile and (2) NH 3 oxidation to N 2 . Interestingly, the increase in the contact time resulted in the increase in the NH 3 -efficiency (η NH3 ). This indicates a preferential promotion of the ammoxidation by W83V17 over the non-selective NH 3 oxidation.
We tested various V-based catalysts (1.5 g of W83V17, W64V36, Na-W83V17, VO x /WO 3 and WO 3 showed higher selectivity to benzonitrile than VO x /WO 3 . Na-W83V17 showed low conversion (12.6%) than W83V17 (85.1%). Combined with the IR results in Fig. 3 , we can conclude that
Brønsted and/or Lewis acid sites of W83V17 significantly improve the ammoxidation activity in the present system.
Another remarkable feature of the hydrothermally prepared W-V-O catalysts (W83V17, W64V36) is highly efficient utilization of NH 3 in ammoxidation. The results in Fig. 5 and Table   2 demonstrated that W83V17 showed high NH 3 -efficiency (η NH3 ) than other V-based catalysts.
As shown in Most of the previous reports on ammoxidation of toluene adopted excess NH 3 feed conditions.
The reaction with lower level of NH 3 feed will lead to more sustainable and economical production of benzonitrile. Fig. 6 shows the results for the W83V17-catalyzed ammoxidation with different the amount of NH 3 (2, 5, 10 and 15 equiv. with respect to toluene). The selectivity to benzonitrile decreased with decreasing NH 3 concentration, but NH 3 -efficiency (η NH3 )
increased with decreasing NH 3 concentration. At the NH 3 molar ratio of 2 equiv. (NH 3 /toluene = 2/1), the NH 3 -efficiency was 73.9% and the yield of benzonitrile was 70.2%. This indicates that the present system can produce benzonitrile with high NH 3 -efficiency and high yield under low NH 3 feed conditions. However, it is important to note that the ammonia levels required for achieving good benzonitrile yields are still several times above that required for the stoichiometric reaction. Further studies are necessary to address this issue. We also studied the effects of co-feeding of water on the catalytic performance of W83V17. As compared in Table 2 , co-feeding of water vapor did not essentially change the toluene conversion, the selectivity to benzonitrile and NH 3 -efficiency (η NH3 ). These results suggest that the present catalytic system is tolerant to water vapor.
Mechanistic and in situ IR studies
Previous studies [3, 11] on the mechanism of ammoxidation of toluene by V-based catalyst suggest that benzonitrile is produced via a benzaldehyde intermediate, which then reacts with NH 3 on the surface to yield benzylimine surface species. Finally, the benzylimine intermediate undergoes oxidative dehydrogenation to give benzonitrile [3, 11] . We carried out a model reaction of benzaldehyde+NH 3 +O 2 by W83V17 and V 2 O 5 catalysts. The results in Fig. 9 (left)
were consistent with the proposed mechanism in the literature [3, 11] ; the formation rates of benzonitrile by ammoxidation of benzaldehyde were more than 6 times higher than those by ammoxidation of toluene (right) for both catalysts. This suggests that the ammoxidation of toluene by W83V17 is also driven by the proposed mechanism in the literature [3, 11] , eqn. (1), including the partial oxidation of toluene to benzaldehyde as a rate-limiting step. To verify the hypothetical mechanism, we studied formation and reaction of intermediates on the W83V17 catalyst using in situ IR spectroscopy. First, adsorption of toluene and benzaldehyde was studied in order to identify the adsorbed species that could arise on the surface of W83V17 during the ammoxidation of toluene. Gaseous toluene or benzaldehyde (0.3 mmol g cat.
-1 ) was introduced to the flow-type in situ IR cell at various temperatures under He flow, followed by purging with He flow for 600 s to obtain the IR spectra in Fig. 10 Summarizing the IR results in Figs. 10-12 , the following pathway is proposed; toluene is oxidized by the surface oxygen species of W83V17 to yield benzaldehyde which undergoes the reaction with adsorbed NH 3 to give benzonitrile possibly via benzylimine. This pathway is consistent with that proposed in the literature [3, 11] shown in eqn. (1). On the surface of the W-V-O complex oxide, a VO 6 octahedron as a redox site is adjacent to WO 6 octahedra as NH 3 adsorption sites. The benzaldehyde adspecies, once formed by the oxidation of toluene by the VO 6 site, can react preferentially with NH 3 adspecies on the neighboring WO 6 sites, which can result in high efficiency of NH 3 utilization in the present catalytic system. ). 
Conclusion
